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ABSTRACT: Understanding biological interaction with gra-
phene and hexagonal-boron nitride (h-BN) membranes has
become essential for the incorporation of these unique
materials in contact with living organisms. Previous reports
show contradictions regarding the bacterial interaction with
graphene sheets on metals. Here, we present a comprehensive
study of the interaction of bacteria with copper substrates
coated with single-layer graphene and h-BN. Our results
demonstrate that such graphitic coatings substantially suppress
interaction between bacteria and underlying Cu substrates,
acting as an effective barrier to prevent physical contact. Bacteria do not “feel” the strong antibacterial effect of Cu, and the
substrate does not suffer biocorrosion due to bacteria contact. Effectiveness of these systems as barriers can be understood in
terms of graphene and h-BN impermeability to transfer Cu2+ ions, even when graphene and h-BN domain boundary defects are
present. Our results seem to indicate that as-grown graphene and h-BN films could successfully protect metals, preventing their
corrosion in biological and medical applications.
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1. INTRODUCTION
Potential applications of graphene, the unique two-dimensional
(2D) allotrope of carbon, include electronic devices, sensors,
photovoltaics, transistors, biotechnology, and desalination,
among others. The incorporation of such technologies in
consumer and industrial products is expected to have a
significant impact on our daily lives. Whereas graphene is
getting closer to mass production, reaching a complete
understanding of its interaction with biological systems, such
as bacteria and cells, is indeed a priority while considering
expanding its uses in close contact with live organisms and
allow further applications in biomedical products.
Bacterial interaction with surfaces is ubiquitous in nature. For

centuries, human civilizations have used metallic copper in
medicine, due to its antibacterial properties, until the advent of
commercially available antibiotics in 1932. The most popular
form of large-area graphene is, in fact, the one grown on copper
due to high quality−cost ratio. Graphene-coated copper foils
have been reported to serve as an ultrathin physical barrier,
preventing direct interaction between underlying metal and
ambient oxygen.1−3 This anticorrosion property has been

recently confirmed to be a short-term effect of graphene coating
which, in the end, causes the room-temperature long-term
oxidation of copper.4 However, when bacterial interaction with
a material is studied, short-term interactions become relevant.
The U.S. Environmental Protection Agency (EPA), for
example, defines a material as antimicrobial if it kills 99.9% of
most bacteria within 2 h.5 Another example of bacterial
interaction is biocorrosion, which is a type of metal corrosion
that occurs when microorganisms present in different environ-
ments alter metal−solution interface condition causing a strong
interaction that considerably accelerates mechanical failure of
metals in a wide range of environments.6,7 This type of
corrosion induced by microorganisms is a major issue in sectors
such as metallurgy and construction, which have reported costs
of hundreds of millions of dollars in maintenance and repairing
damaged infrastructures.8−10

Received: September 8, 2014
Accepted: March 16, 2015
Published: March 16, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 6430 DOI: 10.1021/acsami.5b01248
ACS Appl. Mater. Interfaces 2015, 7, 6430−6437

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01248


There are many reports of bacterial interaction with
graphene oxide (GO) formed by micro- or nanosized flakes
of functionalized graphene in powder or solution,11,12 which
emphasize rupture of the cell membrane as its antibacterial
mechanism. Flake size turns out to be a relevant aspect for the
reported antibacterial activity of GO.13 However, in the case of
single-layer graphene (SLG) sheets grown on Cu, which are 1
atom thick as GO, they have surface areas in the square
centimeter range. Hence, the mechanism of the bacterial
interaction must be different in both cases, and in fact, recent
studies have shown contradictory results regarding in this
regard. Inductively coupled plasma (ICP) measurements have
shown that graphene greatly reduces the available Cu2+ ion14

which, according to the most accepted theory for the bacteria
killing mechanism of copper,15 are responsible of copper
antibacterial activity. Reports of graphene being chemically
inert and impermeable support this claim.16−18 In contract,
electron transfer from microbial membranes to graphene has
been reported to produce a strong antibacterial effect in this
system.19

Motivated by this contradiction, in this report, we present a
complete study on the interaction of bacteria with graphene-
and hexagonal-boron nitride-coated copper surfaces. We focus
on how such graphitic membranes modify (1) the antibacterial
effect of Cu (the way microorganisms “feel” Cu surfaces) and
(2) the Cu biocorrosion process (the way Cu “feels” bacteria).
For the first scenario, antibacterial activity of Cu foils coated
with SLG and single layer hexagonal-boron nitride (h-BN) was
evaluated and compared to metallic substrates without such
graphitic coatings. For the second scenario, biocorrosion of
coated and uncoated Cu foils in contact to bacteria were
studied. Single-layer h-BN was chosen due to its graphene-type
atomic structure and wide electronic band gap both within and
across the layer.20,21 This is indeed in contrast to SLG, which
displays a high electrical conductivity.22 Such differences could
help elucidate any connection between electronic properties
and antibacterial activity of graphitic-like membranes. In
addition, graphene transferred onto Cu surfaces was included
in this study to establish a comparison between antibacterial
performances of these coatings obtained through different
methodologies.
Our observations demonstrated that an as-grown graphene

coating blocks both the antibacterial activity and biocorrosion
of Cu surface, acting as an effective protective membrane that
prevents contact between bacteria and metal. The same results
were obtained for single layer h-BN grown on Cu. Intrinsic low-
quality coating of transferred graphene on Cu foils leads to
similar bacterial interaction of bare materials. For this study,
antibacterial and biocorrosion properties of thermally treated
Cu were analyzed. The fact that single-layer h-BN (insulating)
is as effective as graphene (conducting) to prevent contact of
bacteria with the underlying substrate emphasizes the lack of
connection between charge transfer through these 2D
membranes and their antibacterial activity, as was claimed in
previous studies.19

2. EXPERIMENTAL SECTION
Commercial SLG grown on Cu foil and single-layer h-BN grown on
Cu were used for this study. Samples of 1 cm2 surface area were used
for all measurements. Corresponding Cu control substrates (CuT)
were prepared treating fresh Cu (CuF) foils (99.8%, Alfa Aesar, 20 μm
thickness) under the same temperature and hydrogen pressure
conditions used for graphene growth (Supporting Information) but

without the carbon precursor gas. PMMA-assisted transfer method23,24

was used in order to obtain transferred graphene on SiO2 and CuF and
CuT, samples (Figure S1, Supporting Information).

A combination of scanning electron microscopy (SEM) (Carl Zeiss,
EVO MA-10), scanning tunneling microscopy (UHV-VT Omicron)
and X-ray photoelectron spectrometry (XPS; PerkinElmer PHI 1257,
Al Kα source, 1486.6 eV) was used to characterize the morphology
and chemical environment of all samples. MicroRaman measurements
(Renishaw, 532 nm laser) were used to characterize quality of as-
grown and transferred graphene and h-BN. Contact angle measure-
ments were performed to characterize surface hydrophobicity of
coated and uncoated Cu samples. A drop of Milli-Q water (2 μL) was
placed on the surface of graphene- and h-BN-coated Cu samples, and
images were immediately captured using a high-resolution camera. The
contact angle was measured using the image processing software
ImageJ.25

To explore the bacterial response of graphene coatings, we used
Escherichia coli MG1655 cultures. Bacterial cultures were grown until
prestationary growth phase in a low ionic strength medium that
contained meat extract (5 g L−1) and yeast extract (5 g L−1). The
bacterial cultures were concentrated by centrifugation (5000g, 5 min),
washed three times with Milli-Q water, and finally resuspended up to a
turbidity of 3.0 at 600 nm. The turbidity of this stock dispersion is
equivalent to a bacterial concentration of ∼1 × 109 CFU mL−1. Milli-
Q water was used as dispersant to avoid bacterial duplication and the
forthcoming accumulation of mineral crystals that may interfere with
the collection of microscopy images or cause unwanted chemical
reactions with the samples.

Cell viability (inverse to cell death) was monitored to evaluate the
antibacterial activity of coated and uncoated Cu samples. One volume
(100 μL) of E. coli MG1655 stock dispersion was placed on each
sample surface in order to obtain a final bacterial density of 60 μL/
cm2. Sample+bacteria systems were incubated at 37 °C during 24 h in
a humidity chamber to avoid evaporation. Once this incubation period
was completed, bacteria were recovered with 3 volumes of Milli-Q
water using a standard micropipette. Cell viability at 0 and 24 h was
determined using the microdot methodology.26 Each experimental trial
was conducted in triplicate. For SEM characterization, bacteria were
fixed on samples with 3% (v/v) glutaraldehyde and dehydrated by
washing with a graded ethanol series (from 10 to 100%), followed by
critical-point drying and gold coating.

Copper release from metallic surfaces was determined by atomic
absorption spectroscopy (AAS) using a Spectraa-800 spectropho-
tometer Varian. Coated and uncoated Cu foils were exposed to
bacterial cultures using the same experimental parameters previously
described for viability measurements. Control samples (CuT) were
exposed to Milli-Q water without bacteria. After 24 h, bacteria were
recovered, poured into 2.5 mL of 15 μM EDTA solution (pH 10) and
centrifuged at 5000g during 10 min. The supernatant was recovered,
and the total Cu concentration was quantified by AAS.

3. RESULTS AND DISCUSSION
Micrometer scale morphological characterization of samples
prior to bacterial contact was supplemented by SEM (Figure
S2, Supporting Information). Fresh Cu samples (Figure S2a,b
in the Supporting Information) show well-defined stripes across
their surfaces. In contrast, thermally treated Cu foils (CuT;
Figure S2c,d, Supporting Information) exhibited a smooth
surface covered with deep grain boundaries (size ∼15 μm),
evidence of the irreversible damage to the foil’s microstructure
known as hydrogen embrittlement.27 This process is caused by
the high-temperature treatment of foils in a hydrogen
atmosphere before graphene growth. We specifically included
the influence of this phenomenon in the bacterial interaction by
choosing graphene transferred on untreated Cu foils (CuF).
Such systems allowed us the opportunity to explore the
performance of graphitic membranes when transferred on
undamaged foils, which is closer to more realistic applications.
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Scanning electron micrographs of SLG grown on Cu and h-
BN grown on Cu showed some contrast that could be
identified as graphene domains. However, as has been reported,
there are serious difficulties in clearly distinguishing the
graphitic material using this technique.28 The surface of
transferred SLG onto Cu foil showed micrometric damages
in the graphitic membrane product of the transfer procedure,
which leaves some Cu areas exposed (bright areas in Figure
S2h, Supporting Information).
We have used scanning tunneling microscopy (STM) in

ultrahigh vacuum conditions to visualize SLG grown on Cu, h-
BN grown on Cu and SLG transferred to SiO2 with nanoscale
resolution. Characteristic fingerprints of high-quality graphitic
materials29,30 were observed through atomic-resolved top-
ographies. A hexagonal structure with 2.3 Å lattice distance
(according to Fourier transform analysis) was observed for SLG
grown on Cu (Figure 1a), in agreement with expected values

for this graphitic material.30 A typical large-scale topography of
h-BN (Figure 1b) shows h-BN-coated Cu terraces, revealing
atomic resolved hexagonal lattice for high-resolution image
(inset). The absence of electronic coupling to a metallic
substrate, in the case of SLG transferred to SiO2, allows a
clearer visualization of the intrinsic hexagonal structure
(honeycomb) of graphene (Figure 1c). A clean surface is a
critical aspect for this type of probe microscopy images and, in
the case of transferred graphene sheets, few signs of surface
contamination were found.
To verify the graphitic quality of graphene and h-BN

coatings, we performed microRaman measurements. Multiple
areas of each sample were analyzed, and representative spectra
are shown in Figure 1. Our SLG on Cu samples (SLG grown
on Cu, Figure 1d; SLG transferred on SiO2, Figure 1f; and SLG
transferred on Cu, Figure 1g) typically display sharp G (1584
cm−1) and 2D (2680−2693 cm−1) bands, with a small G/2D

Figure 1. STM topographies of graphene- and h-BN-coated Cu samples: (a) Large-scale STM topographic image (100 × 100 nm) of SLG grown on
Cu showing typical terrace topography (I = 0.1 nA, VBIAS = −0.2 V). Atomically resolved image (2.5 × 2.5 nm) shows a near-hexagonal lattice of
monolayer graphene (inset) with lattice distance 2.4 Å, according to 2-D Fourier transform analysis. (b) High bias STM image of h-BN grown on Cu
samples (I = 0.6 nA, VBIAS = 1.2 V) and the corresponding hexagonal lattice form by B−N atoms (I = 0.6 nA, VBIAS = 1.2 V). (c) Graphene
honeycomb lattice can be clearly resolved in the case of SLG transferred on SiO2 (I = 0.04 nA, VBIAS= −0.15 V). Representative Raman spectra of
(d) SLG grown on Cu, (e) SLG transferred on SiO2, (f) SLG transferred on Cu and (g) Ssingle-layer h-BN grown on Cu and transferred to SiO2.
Background caused by the luminescence of the copper was subtracted in the case of SLG grown and transferred on Cu.

Figure 2. (a) Cell viability of E. coli MG1685 exposed to different samples after 24 h. Blue columns show results for SLG- and h-BN-coated Cu
samples (and corresponding control, SiO2 and SLG tr on SiO2). Typical photographs of cultivated E. coli colonies on agar plates are shown in Figure
S2 (Supporting Information). Images of contact angle measurements using Milli-Q water in contact with (b) CuT, (c) SLG grown on Cu, (d) and h-
BN grown on Cu.
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ratio (0.25, 0.29, and 0.28 respectively). These results are
consistent with SLG, according to values reported in
literature.31−33 In our single-layer h-BN grown on Cu sample
(Figure 1h), the Raman peak occurs at ∼1369 cm−1 but with
intensity ∼5 times smaller than that for graphene’s G peak
under the same measurement conditions.
Figure 2 summarizes cell viability results on E. coli after 24 h

of incubation on graphene-coated Cu samples, h-BN-coated Cu
and control. Cell viability percentage (viability%) was calculated
comparing CFU at 24 h and at t = 0 (Figure S3, Supporting
Information). After 1 day of incubation, both h-BN and SLG
grown on Cu samples show a viability% of 100 and 118%,
respectively. This indicates no interaction between Cu ions and
bacteria after 24 h. In contrast, cell viability for CuF and CuT
was zero, in agreement with the expected contact killing of
bacteria on Cu.34

Antibacterial effect for CuT and CuF was monitored at 2 h to
quantify their differences as a function of time (Figure S4,
Supporting Information). The corresponding antibacterial
efficiencies (100% viability%) after 2 h for CuF was 30%,
whereas 87% was obtained for CuT, indicating a higher
bactericidal activity for treated Cu. The same antimicrobial
efficiency of bare Cu at 24 h (100%) was obtained for
transferred graphene on Cu foil, which is probably connected to
the intrinsic defects of graphene coatings on these samples
(Figure S2h, Supporting Information).

When bacterial interaction with surfaces is studied, bacterial
adhesion need to be considered as a relevant parameter. Upon
approach of a surface, microorganisms will be attracted or
repelled, depending on the resultant of the different nonspecific
interaction forces.35 Among these, hydrophobic force is one of
the most important properties involved in the adhesion process
and is determined by physicochemical surface properties.36

Bacteria are more prone to attach to the hydrophobic surfaces
rather than hydrophilic37 surfaces, and hydrophobicity of the
cell surface, like the reported for E. coli,37 tends to increase
adhesion.38

Contact angle measurements were performed using 2 μL of
Milli-Q water on graphene-coated and uncoated Cu to
determine the influence of possible hydrophobic characteristics
of metallic substrate surfaces over bacterial adhesion process
and, in consequence, over bacterial interaction with such
surfaces. In the case of copper, there is a clear transition from
hydrophilic surface (contact angle of ∼82°) for treated copper
substrate (Figure 2b) to a hydrophobic surface when copper is
covered by graphitic membranes, such as SLG and h-BN
(contact angle of ∼98° and ∼103°, Figure 2c,d). Our contact
angle measurements show that, considering bacterial adhesion
is promoted from a physicochemical point of view by
hydrophobic metal and cell surface, graphitic coatings are
expected to increase physical contact between bacteria and
coated Cu surface.

Figure 3. SEM images of E. coli after 24 h of incubation on different samples (scale bars correspond to 1 μm in all cases except in the left panel,
where it corresponds to 2 μm). (a) SiO2, (b) SLG grown on Cu, (c) single-layer h-BN grown on Cu, (d) treated Cu (CuT), and (e) fresh Cu (CuF).
After 1 day of incubation on CuT and CuF, bacteria exhibit highly damaged membranes, irregular shapes, and rough surfaces, a clear sign of cell lysis.
Similar damage was found in bacteria incubated on graphene transferred on CuF and CuT samples (Figure S5b,c, Supporting Information). In
contrast, intact and smooth bacteria surface were observed when incubated on graphene- and h-BN-coated Cu foils, indicating such coatings
substantially decrease the toxicity of the Cu substrate to bacteria.
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Morphology of bacteria incubated on control samples and on
graphene- and h-BN-coated Cu samples is shown in Figure 3. A
smooth cell surface is observed for bacteria on control SiO2
(Figure 3a). The same intact bacteria surface with regular shape
is seen in the case of E. coli on SLG grown on Cu (Figure 3b)
and single-layer h-BN grown on Cu (Figure 3c), in agreement
with our viability results. Cu-exposed bacteria (Figure 3d,e)
exhibit a wide range of significant abnormalities, such as the
collapse of the cell structure and a ghost-like appearance in
which bacteria seem transparent, looking empty and flat. Such
morphological features in bacterial cells are due to the lysis of
the outer membrane followed by the loss of cellular electron-
dense materials, a well-defined pattern for bacteria cell damaged
on copper surfaces.39,40 Similarly, irregular shapes, damaged
membranes, and rough surfaces were found in bacteria in
contact with graphene transferred on CuF and CuT samples for
24 h (Figure S5b,c, Supporting Information) compared to SLG
transferred on SiO2 (Figure S5a, Supporting Information),
which acts as control sample for transferred membranes.
Dissolution of copper was studied by AAS to quantify

biocorrosion of coated and uncoated Cu samples due to contact
with bacterial cultures. Figure 4 shows the concentration of Cu
release from Cu samples exposed to bacteria for 24 h. CuT in
contact to Milli-Q water without E. coli cells was chosen as
control sample. Dissolved Cu for h-BN- and graphene-coated
Cu samples in contact to Milli-Q water with bacteria is below
the detection limit of the technique, as well as control sample.
Only bare CuT in contact with bacteria presents an evident
metal dissolution. These results demonstrate graphitic two-
dimensional membranes efficiently protect underlying Cu from
biocorrosion due to bacterial interaction. In particular, Cu
dissolution is found to be inversely related to cell viability
(Figure 2), which is in agreement with the proposed
mechanism of Cu toxicity, which is thought to be influenced
mostly by the influx of copper ions into the cells.
The observed effectiveness of graphene and h-BN as a barrier

against bacteria and underlying Cu interaction can be
understood in terms of graphene permeability. Graphene’s p-
orbitals form a dense and delocalized cloud that blocks the gap
within its aromatic rings,41 creating a repelling field that does
not allow molecules to pass through. The reported graphene
pore size is 64 pm,20 a value smaller than the effective ionic
radii of Cu2+ (73 pm) and Cu1+ (77 pm), which are responsible

for the antibacterial properties of Cu.15 According to our
results, even defects at graphene domain boundaries42,43

(inherent of CVD growth method) are efficiently preventing
the passage of Cu ions through the graphitic membrane as well.
Additionally, graphene and hexagonal BN have very similar
lattice constant (h-BN in-plane lattice constant of 2.5 A is only
mismatched to graphene by 1.3%) and comparable van der
Waals radius,43,44 which, in the same way, can explain the
observed impermeability of BN membranes to Cu ions transfer
(see Figure 6d for illustrative diagram). If we consider an
increased attachment (adhesion) of E. coli to coated Cu surface
samples due to hydrophobic interaction, then the proposed
protection mechanism of such impermeable graphitic coatings
is proven to be efficient even under more critical conditions.
XPS analysis was performed to provide surface composition

information that can be connected to the bacterial response of
the different substrates (Figure 5). In particular, we focused on

the Cu 2p3/2 peak, which contains information on Cu, CuO,
and Cu2O surface contents.45 Cu2O and Cu signals were
regarded as one peak, considering that the XPS bands that
originated from them are virtually identical.46 Corresponding
CuO and Cu2O+Cu peaks for SLG grown on Cu (932.9 and
933.4 eV), h-BN grown on Cu (932.8 and 933.9 eV) and CuT
(932.8 and 933.5 eV) show similar features in terms of
positions and intensities. The corresponding contents of Cu2O

Figure 4. AAS measurements on coated and uncoated Cu samples after 24 h of bacteria contact showing Cu dissolution. Dissolved Cu for h-BN- and
graphene-coated Cu samples in contact to bacteria is below the detection limit, as well as control sample. Only bare CuT in contact with bacteria
present Cu dissolution.

Figure 5. XPS Cu 2p3/2 spectra of coated and uncoated Cu foils,
including peak fitting to identify Cu, Cu2O, and CuO contributions.
(a) SLG grown on Cu, (b) single-layer h-BN grown on Cu, (c) treated
Cu, and (d) fresh Cu.
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+Cu were 71.6% for SLG grown on Cu, 75.6% for h-BN grown
on Cu, and 65.4% for CuT, indicating a strong metallic signal
for all these samples.
Such a result is expected, considering the oxide removal

thermal treatment to which the samples were subjected prior to
graphene growth. Additionally, this measurement clearly
indicates that CuT and not CuF is, in fact, the “real control
sample” of graphene-coated Cu foils for antibacterial studies
due to the similarity of Cu+Cu2O content in both samples. On
the other hand, CuF has a stronger CuO signal (62.9%), an
oxide species with lower bactericide activity.5 This result is in
agreement with the diminished 51.3% antibacterial efficiency
observed after 2 h for this sample (Figure S4, Supporting
Information).
Figure 6 summarizes the interaction between bacteria and

graphene- and h-BN-coated Cu substrates, inferred from our
study. Figure 6a shows the typical “contact killing” phenom-
enon observed in the case of Cu substrate (fresh or treated)
which proceeds by successive membrane damage, copper influx
into the cells, oxidative damage and cell death. Our AAS
measurements are in agreement with this antibacterial
mechanism. When metallic substrate is covered by an as-
grown graphitic membrane, regardless of its electrical proper-
ties, we observed inhibition of all Cu antibacterial activity and
Cu biocorrosion, leading to (1) intact bacteria, as our viability
measurements and SEM micrographs have confirmed, and (2)
absence of Cu dissolution, as our AAS measurements have
shown. Such behavior indicates that there is no physical or
electrical interaction between underlying Cu and bacteria
(Figure 6b,c). This effect is presumably connected to
impermeability of graphene and h-BN membranes to Cu ions
transfer (Figure 6d).

4. CONCLUSION

In conclusion, we studied the interaction between bacteria and
graphene- and h-BN-coated Cu samples. Our findings clearly
show both graphene and h-BN coating substantially suppress
interaction between bacteria and underlying Cu substrate. From
the bacteria perspective, metal toxicity (connected to Cu ions
influx into cells) is suppressed and with regard to the effect on
the Cu substrate, biocorrosion, due to bacteria in contact to
metal surface, is prevented. The fact that both a conducting
(graphene) and an insulating (h-BN) membrane, with almost
the same lattice constant, equally suppressed antibacterial

properties of Cu suggests that a connection between charge
transfer from metal to bacteria through these 2D systems and
their antimicrobial activity is less likely. On the other hand,
impermeability of the graphene and h-BN membranes is strong
enough to prevent all exchange of Cu ions through it, even
considering typical grain boundary defects and the hydrophobic
properties of cells and coatings. At the end, this effect
determines the lack of antibacterial activity and the consequent
absence of biocorrosion of coated Cu foils. Our results indicate
as-grown graphene and h-BN films could successfully protect
metals and prevent their corrosion in biological environments
linked to medical applications.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed description of PMMA-assisted graphene transfer
method and Cu foils thermal treatment; morphological
characterization of samples prior to bacterial contact; typical
photographs of cultivated E. coli on agar plates for different
substrates; 2 h viability results for fresh and treated copper;
SEM images of E. coli after 24 h incubation on SLG transferred
on SiO2, SLG transferred on CuF, and SLG transferred on
CuT. This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: carolina.parra@usm.cl.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by Conicyt de Insercioń
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